The timing of the suppression of gene 30 (deoxyribonucleic acid ligase) mutations by rII mutations was studied by temperature shift-down experiments with a temperature-sensitive rII mutation. The rII function must remain inactivated for about 5 to 8 min at 37 C for suppression to occur, thus making suppression an early function. This result is in agreement with the timing of expression of other rII functions. A gene 30 defect can also be overcome by replacing the Na+ cation in the growth medium with the Mg2+ cation, a result similar to the relief of the lethality of rII mutations in lambda lysogens. Prior infection with bacteriophages T3 or T7, which produce their own deoxyribonucleic acid ligases, can also partially overcome the lethality of gene 30 mutations.
termination of frameshift mutation rates (19) , several novel observations were made concerning the suppression of the lethal effects of gene 30 mutations by rII mutations, by manipulation of the cation composition of the growth medium, and by co-infection with bacteriophages T3 or T7.
The T4rII cistrons appear to control a membrane modification in the host cell brought about by a mechanism which remains obscure, but which affects many parameters of T4 development (1, 3, 11, 12, (21) (22) (23) (26) (27) (28) . The rII+ functions are mostly expressed early in phage development (6, 16, 25 , and references therein). One of these rII+ functions brings about an increased requirement for gene 30 function, with the result that rII mutations act as suppressors of gene 30 mutations, probably either by directly or indirectly decreasing endonuclease activity (2, 9, 17, 18, 20, 30) . The timing of this suppression was of importance in experiments in which the proflavine-induced reversion of rII frameshift mutations was examined in a gene 30 ts (temperature-sensitive) background (19) , and temperature shift-down experiments reported here demonstrate that rI function must remain inactivated only early in T4 development for suppression to occur. These results are complementary to previous reports (20) along similar lines using temperature shift-up experiments.
Mutational defects in the rII cistrons are themselves lethal in lambda lysogens. This lethality can be lifted, however, by manipulation of the cation concentration of the medium (specifically by eliminating monovalent cations and increasing the concentration of divalent cations) or by adding certain polyamines, amino acids, or sucrose (4, 5, 11, 12, 28) . During experiments to probe the optimal conditions for the suppression of ligase defects by rII mutations, it was observed that the lethality of gene 30 mutations could also be partially lifted by replacing Na+ by Mg2+ cations.
Suppression of gene 30 mutations by rII mutations is strong even when the gene 30 mutation consists of an amber lesion. The host ligase apparently substitutes for the T4 ligase under these conditions, as shown by elegant experiments in which gene 30 suppression by rII mutations was reversed by host ligase mutations (14, 20) . It was therefore of interest to determine.whether other ligases besides that of the host cell could also substitute for the T4 ligase. It was already well known that infection by bacteriophages T3 or T7 is largely overcome by superinfection with bacteriophage T4, even when several minutes elapse between the Todd and the T-even infection. During this interval, the two T-odd phages express their own ligase functions (24) . It was therefore possible to show that the two T-odd ligase functions can also substitute for the T4 ligase function.
MATERIALS AND METHODS
Most materials and methods are described in the first paper of this series (19) and in references therein.
Phage and bacteria. The T4 gene 30 mutants amH39, amC104, amE605, tsA80, and tsB20 were ob-J. VIROL.
tained from the Caltech collection (10) . The T4rII mutations rUV200 and rSM122 and wild-type T4D, T3, and T7 are from the Drake collection (7, 8) ; rSM122 is temperature sensitive for growth on lambda lysogens. T7aml3 is a ligase amber mutant (24) . Escherichia coli CR63 was used for growing stocks of the amber mutants. N953 is an E. coli K-12 strain wild type for ligase function, and N1325 is the double mutant lop8-lig2 which is substantially defective in ligase function (14) .
Temperature shift-down experiments. Stocks of the gene 30 mutant amH39 were screened for pseudorevertants which could plate on BB cells at 43 C but not at 32 C and which, when backcrossed to T4D, yielded both amH39 and a temperature-sensitive rII segregant, the latter defined by its plaque morphology on B cells and its ability to grow on lambda lysogens at 32 C but not at 43 C. Temperature shift-down experiments were performed by infecting BB cells at 37 C with one of these double mutants, amH39-rK4, at a multiplicity of infection (MOI) of 5. At intervals from 4 to 13 min, the complexes were diluted into broth at 25 C, and lysis was terminated with chloroform at 120 min. Burst sizes were compared with those obtained with T4D alone grown under identical conditions.
Manipulation of cation concentrations. Both phage stocks and cells were grown and diluted in 1% tryptone broth (Difco) containing 0.08 M NaCl (to permit adsorption). Log-phase cells were infected with an MOI of 5, and at 2 min anti-T4 serum was added to inactivate unadsorbed phage. At 5 min the complexes were diluted 1,000-fold into 1% tryptone broth containing 0.005 M tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.2, plus various other components. At 60 min chloroform was added to complete lysis. Burst sizes were measured on BB cells or, in the case of amH39, on CR63 cells.
Co-infection experiments. Log-phase cells at 37 C in L broth were infected with bacteriophage T3 or T7 at an MOI of 5. At 1 min the complexes were superinfected with bacteriophage T4 at an MOI of 5. At 3 min anti-T4 serum was added to inactivate unadsorbed phage. At 9 min the complexes were diluted 1,000-fold. At 60 min chloroform was added to complete lysis. The lysates were then treated with anti-T7 serum to inactivate most of the T7 progeny. The burst size was measured on CR63 cells by using the initial infected cell concentration as a base.
RESULTS
Temperature shift-down experiments. The temperature-sensitive rII lesion in amH39-rK4 is capable of suppressing the gene 30 mutation at 37 C or higher, but not at 25 C. If infection occurs initially at 37 C, but the temperature is abruptly dropped to 25 C at various times thereafter, the time during which the rII function must remain inactive for the gene 30 defect to be suppressed can be determined. If the temperature is shifted down at any time before about 6 min after infection, the burst size remains very small (less than 2% of the amH39+-rK4 control burst size) (Fig. 1) (21) experiments, and the ability of infected cells to be subjected to lysis inhibition is also an early function (6) . All of the known rII functions therefore become established early in T4 development.
The rescue of gene 30 defects by replacing monovalent cations by divalent cations has not been as extensively explored here as has the corresponding rescue of rII defects. It is clear, however, that the rescue of the two functions occurs under somewhat different conditions, particularly with respect to the optimal Mg2+ concentration. The chemical mechanism of reactivation remains obscure in both cases, but several workers have speculated that the reactivation of rII defects occurs at the cell membrane or else acts to overcome membrane defects by overcoming leakage phenomena (4, 5, 11, 28) . This speculation seems reasonable, but it is perfectly possible that rII and gene 30 rescue proceed by independent mechanisms.
Experiments reported here which show a limited rescue of gene 30 mutational defects by co-infection with bacteriophage T3 or T7 were stimulated by earlier reports that the Sadenosylmethionine-cleaving enzyme synthesized after T3 infection could act during subsequent T2 infection to produce unmethylated T2 progeny (13) , and that T7 produces its own DNA ligase, for which an amber mutant is available (24) . Limited rescue of a gene 30 defect (maximum efficiency 24%) could be obtained, and variations on the present methods (for instance, using ultraviolet-irradiated T3 or T7 plus longer intervals before superinfection) might improve the method. The main purpose of these experiments, however, was to demonstrate the circumvention of T4 ligase defects by ligases beyond that of the host itself, and to extend the observation of enzymatic cross-functioning between highly unrelated pairs of viruses. The present results suggest that many fruitful tests could be made of the functions elaborated by a virus such as T7, before mutants of these functions have been obtained, or even before they have been defined by appropriate enzymological studies, simply by testing for the repair of defects in well characterized T4 genes.
The gene 30 mutant amH39, which was used in many of the experiments reported here, also contains a mutational defect in the gene determining a-glucosyl transferase (15) 
